Optical microcavities are key elements in many photonic devices, and those based on distributed Bragg reflectors (DBRs) enhance dramatically the end reflectivity, allowing for higher quality factors and finesse values. Besides, they allow for wide wavelength tunability, needed for nano-and microscale light sources to be used as photonic building blocks in the micro-and nanoscale. Understanding the complete behavior of light within the cavity is essential to obtaining an optimized design of properties and optical tunability. In this work, focused ion-beam fabrication of high refractive-index contrast DBR-based optical cavities within Ga 2 O 3 ∶Cr microwires grown and doped by the vapor-solid mechanism is reported. Room-temperature microphotoluminescence spectra show strong modulations from about 650 nm up to beyond 800 nm due to the microcavity resonance modes. Selectivity of the peak wavelength is achieved for two different cavities, demonstrating the tunability of this kind of optical system. Analysis of the confined modes is carried out by an analytical approximation and by finite-difference-time-domain simulations. A good agreement is obtained between the reflectivity values of the DBRs calculated from the experimental resonance spectra, and those obtained by finite-difference-time-domain simulations. Experimental reflectivities up to 70% are observed in the studied wavelength range and cavities, and simulations demonstrate that reflectivities up to about 90% could be reached. Therefore, Ga 2 O 3 ∶Cr high-reflectivity optical microcavities are shown as good candidates for single-material-based, widely tunable light emitters for micro-and nanodevices.
I. INTRODUCTION
Optical microcavities are key elements in many photonic devices. They can be fabricated with photonic crystals, Fabry-Perot, or distributed-Bragg-reflector (DBR) cavities [1] , whispering gallery modes [2, 3] , or wave-guided modes [4] . Some of their functionalities are biosensors [3, 5] , optical filters, lasers [1] , quantum memory [6] , or energy harvesting [7] . Since the first fabrication of a photonicband-gap microcavity within a silicon waveguide by x-ray lithography [8] , the idea is extended to micro-and nanowires, creating the periodic pattern by techniques such as electron-beam lithography [9] [10] [11] or focused-ion-beam (FIB) milling [6, 12, 13] . Optical cavities based on DBRs enhance dramatically the end reflectivity, and allow for higher quality factors and finesse values. In this way, the patterned structure would serve at the same time as emitter, gain medium, and resonator. FIB deep etching allows the fabrication of a high-refractive-index contrast DBR, resulting in much shorter device lengths [9] than with two dielectric materials with low-refractive-index contrast [14] or than shallower FIB patterns [12, 13] . On the other hand, recent work on microcavities is based many times on single-mode nanowires [1] . However, multimode fibers present very interesting characteristics for sensors [15] or supercontinuum lasers [16] .
Among the different materials susceptible to be used as DBR-based microcavities, monoclinic β-Ga 2 O 3 is of high interest. It is a transparent conductive oxide (TCO) that has attracted strong interest due to its high chemical and thermal stability, wide transparency range (E g ≈ 4.9 eV) [17] , controllable conductivity [18] , excellent properties for high-power electronics due to its very high breakdown field [19, 20] as well as its biocompatibility [21, 22] . Nano-and microscale light sources allowing for wavelength tunability are needed as photonic building blocks in the micro-and nanoscale, such as light-emitting devices, light detectors, or active optical switches [23] . Among the different materials susceptible to be used for this purpose, β-Ga 2 O 3 ∶Cr micro-and nanowires are of high interest due to several reasons. First of all, homogeneous broadening of the bands is needed for optical tunability from a single material [24] and Ga 2 O 3 ∶Cr fulfills this requisite due to its 4 T 2 -4 A 2 , Cr 3þ very intense luminescence transition. In several materials, tunability is obtained via compositional variations, including different dopants and/or alloys [1] , while systems in which a wide tunability is obtained with no need of compositional variations, just by changing the cavity dimensions in the micro-and nanoscale, are scarce, e.g., CdS [25] . Besides, β-Ga 2 O 3 ∶Cr presents long decay times, in the range of 100 μs [26] , which favors population inversion in order to be used as gain media. In fact, Cr 3þ doped oxides are extensively used since the first laser, made of ruby (Al 2 O 3 ∶Cr) and later this ion is used for tunable lasers made of oxides such as chromium-doped alexandrite or emerald. Furthermore, Ga 2 O 3 is the TCO with the widest band gap, which results in the widest transparency range among these materials, down to deep UV (≈250 nm). In fact, there are other intense broadbands, as well as sharp lines, emitted from doped and undoped Ga 2 O 3 [27] [28] [29] that might be tuned from deep UV to the infrared thanks to these kinds of DBR-based microcavities. We show in this report that such tuning and effective confinement of light can be performed in this material through the reported photonic design. This work merges luminescence of this material, microand nanowires, and photonic high-reflectivity microcavities. In particular, high-power electronics and controllable doping are expected to allow high luminescence yield to be achieved by electroluminescence in Ga 2 O 3 , which is the process currently used in many luminescent micro-and nanodevices. Electroluminescence is reported for Ga 2 O 3 [30] [31] [32] . This high luminescence power will facilitate certain features, such as reaching population inversion. Micro-and nanodevices based on Ga 2 O 3 will be of great interest for nanotechnology and they will benefit from the findings on Ga 2 O 3 high-power applications [33, 34] . Indeed, in the last years, consideration of semiconducting TCOs has changed from being traditionally considered as transparent electrodes with conductivity, to develop as an important area of semiconductor physics, photonics, and optoelectronics [35] [36] [37] [38] .
Undoped Ga 2 O 3 presents a characteristic broad emission band in the UV-blue range due to intrinsic defects and/or dopants typically found in this material [27, 28, 39, 40] beside the strong and tunable luminescence bands from the UV to the infrared via suitable doping [27] [28] [29] [30] [31] [32] . In our previous works, we showed and completely characterized the strong emission band related to Cr 3þ as a dopant of Ga 2 O 3 [26] , and the waveguiding behavior of the Ga 2 O 3 micro-and nanowires doped with Cr and rare earths [41, 42] , but no optical modes were observed in those cases. Chromium-related luminescence at room temperature shows both the two sharp R lines due to the A 2 transition. The latter is due to the phonon-related homogeneous broadening of the luminescence [24] , resulting in a potential wide tunability of the luminescence of this material in the red-NIR range [26] . This fact opens up to potential applications of Cr-doped Ga 2 O 3 to be used as a tunable optical gain medium. The anisotropy of monoclinic gallium-oxide crystal lattice leads to the spontaneous growth of microwires by thermal evaporation methods with an optimal aspect ratio for effective light waveguiding. Furthermore, we have previously reported the formation of more-complex morphologies, such as branches or crossed wires, by codoping Ga 2 O 3 with Sn and Cr [43] [44] [45] . On the other hand, the high crystal quality and smooth lateral-wall surface of Ga 2 O 3 ∶Cr microwires enables some light confinement and we demonstrate Fabry-Perot resonances due to the reflection in their two ends, because of the refractiveindex change between the material and the air [42] . However, reflectivity losses are the main drawback for these wires to be used as optical resonators, resulting in an acceptable quality factor but low finesse values. Since the NIR luminescence band is emitted by a long lifetime dopant (τ ∼ 200 μs-2 ms) [26] , it would be desirable to achieve long photon lifetimes within the cavity, i.e., to improve Q and F. In the present work, we aim to get a significant advance on the control and performance of the optical cavities based on Ga 2 O 3 ∶Cr through the creation of DBRs.
Understanding the complete behavior of light within the cavity is essential in order to obtain good properties and allow both optimized design and use of the optical tunability. Homogeneous broadening of the red-near-infrared (NIR) luminescence band in Ga 2 O 3 ∶Cr allows experimental measurements and a thorough analysis of the cavity modes and discussion on further improvements by means of analytical models and numerical, finite-difference-timedomain-(FDTD) based simulations. High-reflectivity microcavities have not been explored so far in this material and we show their great potential, setting out a proof-ofprinciple design for single-material-based, widely tunable emitters for micro-and nanodevices with capabilities beyond the available optical range for a single material. For that aim, we have merged the previously acquired thorough physical knowledge on the optical emission properties of Ga 2 O 3 ∶Cr 3þ [26, 46] , as well as the knowhow to obtain self-formed microwires with desired dimensions and shapes, with the design, implementation, and optimization of DBR-based optical microcavities by means of analytical physical models and numerical simulations.
In this work, we report the FIB fabrication of high refractive-index contrast DBR-based optical cavities within Ga 2 O 3 ∶Cr microwires grown and doped in a single thermal step by the vapor-solid mechanism. Resonant modes are detected by polarized microphotoluminescence measurements and data are analyzed under both theoretical models of modal analysis in rectangular optical cavities and FDTD simulations. The results show that the patterned fibers exhibit an enhanced performance of the cavity light confinement with respect to the as-grown wires within a rather wide tunability range.
II. EXPERIMENTAL DETAILS
Ga 2 O 3 ∶Cr microwires doped during growth are fabricated in a single-step thermal treatment [42] . Cr cation atomic concentration is in the range of 0.5 at. %, as measured by EDX. Some of them are deposited on a TEM grid so that they are suspended in air, except for the carbon "mesh." DBR patterns are milled by FIB in a FEI Helios 650 at 30 kV and 24 pA for the ion column, in order to optimize the sharpness of the milled features and minimize the potential gallium contamination, as analyzed in previous milling works [47] . The design of the dimensions of each hole from the DBR, is made by FDTD simulations performed with OptiFDTD software. Ga 2 O 3 has to be considered a dispersive medium in the wavelength range of interest because ðω=nÞðdn=dωÞ is around 0.1 for the current frequencies. Therefore, the Sellmeier dispersion relation ε ¼ A þ ½Bλ 2 =ðλ 2 − C 2 Þ is used, with parameters A ¼ 2.31, B ¼ 1.14, and C ¼ 0.24 obtained from fitting the Sellmeier expression to experimental data from Al-Kuhaili et al. [48] . Morphology and actual dimensions of the FIB pattern analysis before and after patterning is performed either with a FEI Inspect or a JEOL JSM 7600F SEM. Electron-backscattereddiffraction (EBSD) analysis is performed with the FEI SEM, using the Bruker QUANTAX CrystAlign EBSD software. Room-temperature μ-PL spectra are acquired in a Horiba Jobin-Yvon LabRam 800 system with λ exc ¼ 325 nm of a Kimmon HeCd laser. Microphotoluminescence (μ-PL) analysis from the unpatterned microwire as well as from the two cavities is performed in the confocal microscope. Luminescence spectra are detected locally from one end of the structure of interest. On the other hand, the excitation with the laser (λ exc ¼ 325 nm) is performed on a different point, as explained elsewhere [42, 49] . This point is within the wire in the spectra from unpatterned wire and within the optical cavity in the spectra from the two FIB patterned cavities, as sketched in Fig. 2(a) . Axes are defined in Fig. 2 (a): x is perpendicular to both the microwire longitudinal axis and the optical axis of the system, z is parallel to the waveguide longitudinal axis (propagation direction), and y is parallel to the optical axis of the system. Figure 2(b) shows the room-temperature μ-PL image of cavity 1, shown in Fig. 1(a) . White dotted lines indicate the wire and DBR positions, for the sake of clarity. Scattering of light is shown to occur essentially in the cavity end and DBR beginning.
III. RESULTS AND DISCUSSION
Room-temperature μ-PL spectra from the unpatterned waveguide and cavities 1 and 2 are shown in Fig. 3(a) . Spectrum from the unpatterned wire presents the characteristic Ga 2 O 3 ∶Cr 3þ luminescence, with two sharp R lines (691 and 698 nm) and the broadband due to the A 2 intraionic transitions, respectively [26] . The inset shows a weak modulation of the band, which is ascribed to Fabry-Perot-type resonances along the wire, as previously reported [42] . SEM images show that the lateral walls of Ga 2 O 3 wires are very smooth, resulting in very low surface-scattering losses [42] , hence, the most relevant losses are due to the low reflectivity of the wire ends, which can be straightforwardly calculated: R ¼ 0.096 for the Ga 2 O 3 =air boundary supposing normal incidence and a refractive index of Ga 2 O 3 of 1.9. This low value, around 10%, explains the low resonance quality. μ-PL spectra from cavities 1 and 2 are also shown in Fig. 3(a) , presenting a strong enhancement of modulations, which are ascribed to cavity resonances. Furthermore, main peak wavelength selectivity is shown, cavity 1 presents its maximum at around 690 nm, while in cavity 2 the maximum is at around 715 nm. Besides, a strong polarization dependence of the acquired luminescence is observed. μ-PL polarized spectra from cavities 1 and 2 are shown in Figs. 3(b) and 3(c) . The blue solid line shows the spectrum with perpendicular polarization (i.e., the polarizer transmission axis along x, see Fig. 2 ) while the red solid line shows the spectrum with parallel polarization (i.e., the polarizer transmission axis parallel to z). It is worth mentioning that resonances can be seen along the whole emission band (650-850 nm), a very broad modulation range [50, 51] , allowing quite a wide wavelength selection in the red-NIR region, as demonstrated in Fig. 3(a) . A detailed analysis shows that the main peaks show different positions for each polarization, which is highlighted by the dashed vertical lines. Besides, a complex peak structure is observed due to less intense peaks. In particular, weaker peaks between 695 and 720 nm in Figs. 3(b) and 3(c) perpendicular polarization are highlighted with green dotted lines. The lateral dimensions of the wire make it a multimode fiber for the frequencies corresponding to the studied luminescence band.
Reflectivity of the DBRs is calculated from the finesse value of the resonances within the cavity assuming that the reflectivity is the same for the two DBRs that form the cavity. Finesse values corresponding to the wavelength of Fig. 1(a) . each peak can be obtained from the ratio of the full width at half maximum of one peak Δν FWHM and the free spectral range between this peak and the next one δν FSR . From these values, reflectivity (R) and finesse (F) can be related by F ¼ ½π ffiffiffi ffi R p =ð1 − RÞ [52] . As shown in Table I , for cavity 1 in perpendicular polarization, F ¼ 5.1 for the 709-nm peak and F ¼ 7.5 for the peak at 798 nm, resulting in 55% and 66% reflectivity, respectively. For parallel polarization, F ¼ 4.8 and R ¼ 53% for the 740-nm peak. These values are notably higher than reflectivity in the unpatterned wire and comparable to those demonstrated in previous reports on nanowires combined with DBR structures [13, 53] . It is to be noticed that values of finesse are also shown for peaks above 800 nm in Table I (see Fig. S1 in the Supplemental Material for a spectrum with these peaks [54] ). Finesse cannot be calculated so straightforwardly for most of the peaks from cavity 2, due to broadening caused by the nearness of peaks corresponding to different modes, as seen in Fig. 3(c) . The finesse value for the peaks around 700 nm is 3.0 (see Fig. S2 in the Supplemental Material [54] ), which means a reflectivity of 37%, i.e., 10%-15% lower than the values obtained for cavity 1 peaks in that range.
Furthermore, the value of the losses at the end facets, which tends to be dominant in micro-and nanocavities due to the small cavity length and small reflection coefficient, can be calculated by the expression α m ¼ ð1=LÞ lnð1=RÞ [55] , where L is the effective length of the cavity. For cavity 1, this value is α m ¼ 240 cm −1 for the 798-nm peak in perpendicular polarization and α m ¼ 370 cm −1 for the 740-nm peak in parallel polarization.
Modal characteristics are of great interest for future applications of potential devices based on this type of cavity. Modes are considered taking into account the wire transversal geometry and the peaks observed in the two different polarizations of the two cavities [Figs. 3(b) and 3(c)]. A sketch of the cross section of the wire is shown in Fig. 1(e) . In order to analyze the propagating modes, in a first approximation, it can be regarded as approximately rectangular, with a ¼ 2b. A discussion about the validity of this approximation will be done below. The modes propagating in dielectric waveguides with a rectangular shape are analyzed following the Marcatili [56, 57] and Goell [58] models. Marcatili's model presents the advantage of yielding an analytical, closed form for the propagation modes, named E x pq and E y pq . The former has H x ¼ 0, while E x and H y dominate, and can be considered essentially x polarized. On the other hand, the E y pq mode has H y ¼ 0 and is essentially y polarized. E x 11 and E y 11 are the fundamental modes for this geometry. The main peak intensity is expected to occur for these fundamental modes [59] . Polarization of the scattered, detected light is expected to be essentially the same as that of the modes within the wire [60] . Therefore, spectra acquired with perpendicular polarization, E x components, essentially show resonances resulting from E x 11 and, with lower intensity, E x 12 propagation modes. On the other hand, parallel polarization detects E z components, which will be nonzero for E x 11 -and E y 11 -mode resonances. Besides, the dispersion relation ωðk z Þ can be easily calculated. Indeed, Marcatili's model allows the calculation of k x , k y , and k z for an E x pq mode at a vacuum wave number k 0 in a rectangular waveguide with transversal dimensions a and b, refractive index n, surrounded by air, according to
From this equation, k x and k y are calculated numerically and, from them, k z is obtained [57] . However, Marcatili's model is based on two approximations: (i) the mode waves are incident with grazing angles to the lateral waveguide surfaces and (ii) the refractive indices do not differ by more than 50% [57] , which is not valid in our work. On the other hand, Goell's model is valid for the general case. It uses the same mode nomenclature, but analyzes them computationally using circular harmonics and does not assume the grazing angle or low refractive-index contrast approximations [58] . In our work, Marcatili's results for E modes are virtually equal to those by Goell. However, for E y 11 modes, Marcatili's approach does not fit so well and the Goell model is used. Therefore, we calculate k x , k y , and k z values from Eq. (1) for each resonance peak of the perpendicularly polarized spectra, E Figs. 3(a), 3(b) , and S1 in the Supplemental Material [54] . 
with l being an integer number and L eff the effective length of the cavity. The k x , k y , and k z values for E x 11 , E x 12 , and E y 11 modes for cavities 1 and 2 are displayed in Table S3 in the Supplemental Material [54] . The obtained k z values are used to get the magnitude of L eff for each mode, imposing Eq. (2) to all the peaks, so that l are consecutive integers for consecutive peaks. Excellent fits are obtained for the different sets of peaks when assigned to these modes. Trials of fitting a set of peaks to a different mode imposing a constant L eff result in sensitively worse fits than the obtained ones. It should be noted that, although parallel polarization detects E z components, which will be nonzero for E Figure 4(a) shows the results for cavity 1. The obtained effective length value that fulfills the resonance condition is L eff;11 ¼ 17.4 μm for all modes. This L eff value is notably longer than L 1 ¼ 15.2 μm of cavity 1. This is explained because an effective penetration depth, i.e., an effective shift of the interface into the mirror, must be taken into account in a DBR. For an ideal, planar, infinite DBR it is given by the expression
withn being the average refractive index, λ B ¼ 2nΛ the Bragg wavelength, Λ the DBR period, n the Ga 2 O 3 refractive index, and Δn the refractive-index contrast [61] . We obtain a penetration depth value of δ eff ¼ 900 nm, but we remark that this is a rough estimation. This value should be taken into account in the two DBRs and, therefore, the effective confinement length would be estimated this way as L eff;calc ¼ L 1 þ 2δ eff ¼ 17 μm. This is comparable to the value L eff;11 ¼ 17.4 μm of this optical cavity. In order to achieve a more complete assessment of the behavior of these DBR cavities, FDTD simulations are carried out using the commercial OptiFDTD software to evaluate the Poynting vector amplitude within the wire and the reflected power spectra of our DBR cavity. The experimentally determined dimensions and actual cross section of the wire, as well as those of the fabricated DBRs [see Figs. 1(b) and 1(e)] are implemented for the simulations (see Fig. S4 in the Supplemental Material [54] ). Marcatili's model provides the field components and Poynting vector module for the fundamental E x 11 mode within a rectangular waveguide (see Eq. S5 in Supplemental Material [54] ). explains the fact that this approximation works very well to fit the analytical dispersion relations (Fig. 4) Reflectivity as a function of the frequency within the studied range is obtained via FDTD simulations. A linearly polarized short pulse is generated to propagate towards the DBR, and the reflected signal is detected. The frequency dependence of the reflected power is analyzed by Fourier transform of the detected Poynting vector, as shown in Figs. 5(c) and 5(d), black lines, for x polarization and y polarization in cavity 1, respectively. As discussed above, x polarization essentially corresponds to E x pq modes, while y polarization essentially corresponds to E y pq modes. Reflectivities up to about 90% are obtained with the simulations in the represented range, similar to other systems based on patterned DBRs on wires [13] .
For x polarization, within the experimental spectral range (650-800 nm) two maxima are obtained, one around 715 nm and the other one in 800 nm. A local minimum of reflectivity is found between these two maxima, around 750 nm. On the other hand, for y polarization a maximum at 740 nm is found, with two minima at around 732 and 772 nm. These features agree very well with finesse values of peaks observed for x and y polarizations in cavity 1 [see Fig. 3(b) ]. It is observed, for both experimental values and simulation results, that, in general, reflectivity is higher for x polarization than for y polarization.
The obtained reflectivity spectra for cavity 1 are compared with several values calculated from experimental finesse [see Table I ]. These are indicated with black squares in Figs. 5(c) and 5(d). A good agreement is obtained between simulation and experimental values, except that experimental values are systematically lower than simulated ones. This fact is expected due to the experimental dispersion of the real values of α and γ in the DBRs. A clear difference is observed for the reflectivity minimum around 750 nm for x polarization, which is quite broader when calculated from the experimental finesse than from the simulation.
Simulated transmission spectra are also shown, solid red lines in Figs. 5(c) and 5(d). The stop band for x polarization covers essentially the whole emission band of Cr 3þ in Ga 2 O 3 , as desired. For y polarization, the stop band is not so efficient and covers a narrower range, from about 740 to about 800 nm.
It is worth mentioning that higher reflectivity values can be obtained in future works with this fabrication method by further optimizing the DBRs, reaching a better light confinement within the cavities by, e.g., reduction of radiation losses by optimizing the DBR design in order to get a good impedance mismatch [9] . (Table I) .
IV. CONCLUSIONS
Strongly modulated, room-temperature red-IR luminescence is achieved within optical cavities fabricated within chromium-doped gallium-oxide microwires behaving as waveguides. FIB drilling is used in order to fabricate DBRs that effectively confine light within the cavity. The peaks with maximum intensity are shown to be different in cavities with different parameters, demonstrating tunability along a wide spectral range of the main emission wavelength. Furthermore, the main luminescence peak position in a single cavity strongly depends on its polarization, as demonstrated by μ-PL spectra. A thorough analysis of the optical modes, both by analytical approximations and FDTD simulations, is carried out to explain the experimental, polarized μ-PL spectra. E 
